The temporal program of complex genetic and morphological events occurring during sporulation of Saccharomyces cerevisiae and the ease with which a variety of genetic manipulations can be performed with this organism make sporulation in yeast an appealing eucaryotic system for studying developmentally regulated gene expression. Several different approaches have been used to test the presumption that the temporally programmed events of meiosis and subsequent spore wall formation depend on the developmentally regulated expression of sporulation-specific genes (for a review, see references 7 and 9). A mutational analysis has identified several genes which are dispensable for mitotic growth but are essential for sporulation (8). Attempts to detect sporulation-specific proteins by twodimensional polyacrylamide gel analysis of in vivo-labeled proteins have, however, been less successful (13, 14, 24, 30, 33, 34) and only one sporulation-specific enzyme, an aglucosidase, has been described (5). In contrast, a large number of sporulation-specific genes have been identified by differential hybridization screens of yeast DNA libraries (4, 12, 22) . Analyses of the in vitro translation products of RNA isolated from sporulating cells have also demonstrated the accumulation of an array of sporulation-specific mRNAs (15, 32) .
The temporal program of complex genetic and morphological events occurring during sporulation of Saccharomyces cerevisiae and the ease with which a variety of genetic manipulations can be performed with this organism make sporulation in yeast an appealing eucaryotic system for studying developmentally regulated gene expression. Several different approaches have been used to test the presumption that the temporally programmed events of meiosis and subsequent spore wall formation depend on the developmentally regulated expression of sporulation-specific genes (for a review, see references 7 and 9). A mutational analysis has identified several genes which are dispensable for mitotic growth but are essential for sporulation (8) . Attempts to detect sporulation-specific proteins by twodimensional polyacrylamide gel analysis of in vivo-labeled proteins have, however, been less successful (13, 14, 24, 30, 33, 34) and only one sporulation-specific enzyme, an aglucosidase, has been described (5) . In contrast, a large number of sporulation-specific genes have been identified by differential hybridization screens of yeast DNA libraries (4, 12, 22) . Analyses of the in vitro translation products of RNA isolated from sporulating cells have also demonstrated the accumulation of an array of sporulation-specific mRNAs (15, 32) .
In this study, we show that a sporulation-specific gene, identified previously in a differential hybridization screen of a yeast DNA library (22) , encodes one of the prominent sporulation-specific proteins observed among the in vitro translation products of RNA from sporulating cells.
MATERIALS AND METHODS
Strains and culture conditions. Escherichia coli HB101 and CGSC 5126, a Dam-strain (provided by J. Friesen), were used for the propagation of plasmids. The S. cerevisiae strains used were the AP3 MATa/MATa, MATaIMATa, and MATa/MATot diploids previously employed (22) by C. Giroux), and the diploid GR100, which was obtained by mating SR25-1A and CG379.
Transcript mapping. After a restriction enzyme map had been deduced for plasmid 27 (p27) by standard procedures (17) , the approximate positions of the sequences encoding the two vegetative transcripts and the sporulation-specific transcript were determined (i) by hybridizing RNA that had been labeled in vitro (23) to a Southern blot of plasmid DNA that had been restricted with a variety of enzymes and (ii) by hybridization of purified, radioactively labeled DNA fragments of p27 to Northern blots of RNA isolated from vegetatively growing and sporulating cells. The ends of the transcript encoded by the SPS4 gene were then positioned more precisely by an S1 nuclease analysis (1, 31) . The mapping of the 5' end of the transcript is described in Fig.  3B ; a ClaI-XhoI fragment 3' end labeled at the ClaI terminus was used as a probe to map the 3' end of the gene.
In vitro translation and hybrid selection. A 10-jig sample of total yeast RNA was translated for 90 min at 37°C in a micrococcal nuclease-treated rabbit reticulocyte lysate (21) in the presence of 30 jig of total yeast RNA in a 100-jil reaction (17, 25) . The RNA recovered from the hybrids was translated as described above, and 1 jil of the reaction was analyzed. For onedimensional analysis of the labeled proteins, the translation products were electrophoresed through a 10% polyacrylamide gel containing sodium dodecyl sulfate (SDS) (16) and detected by fluorography (2) . Two-dimensional separation of the translation products was performed as described by O'Farrell et al. (20) ; the first dimension was nonequilibrium pH gradient electrophoresis (pH 3 to 10) for 6 h at 400 V, and the second dimension was electrophoresis in a 10% polyacrylamide gel containing SDS. (22) . Alternatively, the relatively high frequency with which the SPS4 gene was identified may reflect the fact that the gene is present in several copies in the yeast genome.
RESULTS
As the first step in distinguishing between these possibilities, we characterized p27, one of the 15 plasmids of groups 2 and 5 (22) , in more detail. The 6.5-kilobase-pair (kbp) yeast DNA insert present in p27 contains, in addition to the SPS4 p27 gene, two genes, termed VEGI and VEGII, which are expressed only during vegetative growth (Fig. 1B) . The approximate positions of these three genes were mapped ( Fig. 1A ; see Materials and Methods). This analysis verified p275 that the sporulation-specific transcript of the SPS4 gene is encoded by a sequence distinct from the two vegetative genes; for instance, the Northern analysis depicted in Fig.  1C shows that the two transcripts present in vegetatively growing cells which hybridize with p27 DNA (Fig. 1B, lanes  1 through 3) do not hybridize with DNA from p275 (Fig. 1C,  lanes 1 through 3) , a subclone of p27 containing only the ; 6 SPS4 sequence ( Fig. 1A; Fig. 1C, lane 6 ).
We next tested whether all 15 putatively related plasmids of groups 2 and 5 did indeed contain the SPS4 gene (or portion thereof) and whether the yeast DNA insert of each plasmid had been derived from the same chromosomal gene. DNA from each plasmid and genomic yeast DNA were restricted with HindIII, CMaI, and XhoI. Southern blots (17, 28) of the restricted DNAs were then hybridized with a probe containing a portion of the coding region of the SPS4 4SPS4 gene of p27, a probe spanning the 5'-flanking and initial coding region of the gene, and a probe extending from the 3' coding region of the gene into the 3'-flanking region ( Fig. 2A  and 3 ).
All 15 plasmids hybridized with the coding region probe ( The DNA probes spanning the 5' end (HindIII-ClaI), the coding region (ClaI-HindIII), and the 3' end (HindIII-XhoI) of the SPS4 gene of p27 are indicated as 5', C, and 3', respectively. The 5'-end probe was purified from p274, which contains the HindIII-ClaI fragment from the 5' end of the SPS4 gene of p27 cloned in pDPL13 (10); the coding region probe was purified from p275 (Fig. 1A) ; and the 3'-end probe was purified from p276, which contains the ClaI-XhoI fragment from the SPS4 gene of p27 cloned in pDPL13. (B through G) DNA from each of the plasmids of groups 2 and 5 (22) and DNA from the yeast strain LL20 (22) were restricted with HindIII, CMaI, and XhoI. (Plasmid 26 and p19 are identical with p32 and p44, respectively [22] .) Separate Southern blots (17) of the triply digested DNAs were hybridized with (B, E) the coding region probe, (C, F) the 5' junction probe, and (D, G) the 3' junction probe which had been radioactively labeled by nick translation. For B, C, and D only the portion of the membrane hybridizing with the probe is shown; for E, F, and G the entire lane is shown. ally, this analysis indicated that 13 of the cloned copies of the SPS4 gene extend from the Hindlll restriction site in the 5'-flanking region of the gene to the XhoI site downstream of the gene (Fig. 2B, C, and D) . In two instances, p86 and p80, the cloned fragment (a partial Sau3A yeast DNA fragment [22] ) does not extend to the HindIII restriction site in the 5'-flanking region of the gene (Fig. 2C) . The artificial 5' junction fragments appearing for these two plasmids are not detected in the yeast genome (Fig. 2C and F) .
Having (Fig. 3A) . (Fig.  3B, lanes 8 through 10; Fig. 3A) . Analysis of the cDNAs obtained by using a 57-bp DdeI-BcII fragment as a primer for reverse transcription (11) of the SPS4 transcripts confirmed the initiation sites defined in the Si nuclease analysis (Fig.   3B, lane 11) . A TATA box sequence (3) is located 85 bp upstream from the start of transcription (Fig. 3A) .
The SPS4 gene encodes a major sporulation-specific mRNA as assesed by analysis of the in vitro translation products of total RNA and hybrid-selected RNA. As the first step in pursuing further the suggestion that the SPS4 gene encodes an abundant sporulation-specific mRNA, we analyzed the proteins obtained by in vitro translation of total yeast RNA. The proteins synthesized in vitro in a rabbit reticulocyte lysate (21) using as a template RNA extracted from cells growing vegetatively (Fig. 4A, lanes 2 through 4) and from cells harvested at 10 h after transfer to sporulation medium (Fig. 4A, lanes 5 through 7) (22) were compared by SDSpolyacrylamide gel electrophoresis (16) . This analysis revealed a major sporulation-specific protein of 39 kilodaltons (kDa). The transcript encoding this protein is only present in MATalMATot cells during sporulation (Fig. 4A, lane 7) . Kurtz and Lindquist (15) have also detected an abundant sporulation-specific mRNA encoding a protein of similar size using a wheat germ-derived in vitro translation system. Two-dimensional separation of the in vitro-synthesized proteins by nonequilibrium isoelectric focusing in the first dimension (20) followed by SDS-polyacrylamide gel electrophoresis in the second dimension indicated that the major 39-kDa sporulation-specific protein is very basic (indicated by the arrow, Fig. 4B ), migrating to a slightly more basic position than the readily identifiable abundant protein EF-la (Mr 49,000, pI 9.2; indicated by the asterisk, Fig. 4B) (29) . The 39-kDa basic protein is not observed in a twodimensional analysis of the translation products of RNA extracted from asporogenous MATa/MATa cells transferred to sporulation medium (Fig. 4C) or from MATa/MA Ta cells growing vegetatively (data not shown). The molecular weight and basic nature of this sporulation-specific protein made it a good candidate for the predicted SPS4 gene product. Therefore, we next analyzed the translation product of the transcript encoded by the SPS4 gene.
p27 DNA was used to hybrid select (25) the transcripts encoded by this plasmid from the RNA extracted from MA TaIMA Ta, MA TaIMA Ta, and MATaMATa cells growing vegetatively (Fig. 4D lanes 3 , 5, and 7, respectively) or at 10 h after transfer to sporulation medium (Fig. 4D, lanes 4, 6 , and 8, respectively). SDS-polyacrylamide gel analysis of the in vitro translation products of the purified RNA revealed a vegetative-specific mRNA encoding a 22-kDa protein (Fig.  4D, lanes 3, 5, and 7) and a sporulation-specific mRNA encoding a 39-kDa protein (Fig. 4D, lane 8) . We assume that the 22-kDa vegetative-specific protein is encoded by the VEGII gene and that insufficient VEGI-encoded transcripts are present to detect the translation products of this latter RNA. The 39-kDa sporulation-specific protein comigrated in the SDS-polyacrylamide gel with the 39-kDa protein observed on in vitro translation of total RNA from sporulating MATa/MA Ta cells (Fig. 4D, lanes 8 and 11) , supporting the idea that the SPS4 gene encodes this major sporulationspecific protein. The sporulation-specific mRNA encoding the 39-kDa protein was also hybrid selected by p275 DNA, which contains only a portion of the coding region of the SPS4 gene ( Fig. 1A; Fig. 4D, lane 10) . As expected, this latter DNA did not hybridize with the transcripts encoding the 22-kDa vegetative protein (Fig. 4D, lane 9) . Two minor sporulation-specific proteins were observed when either p27 or p275 DNA was used for transcript selection (denoted by the open arrowheads, Fig. 4D, lanes 8 and 10) . We do not know whether these proteins represent proteolytic degradation products of the 39-kDa protein, the use of internal initiation codons in the SPS4 transcript, or premature termination of translation; however, these proteins are not the translation products of transcripts which are partially homologous to the SPS4 gene, because stringent hybridization gene. An S1 nuclease analysis (1, 31) was performed by using the indicated HindIII-BclI fragment spanning the 5' end of the SPS4 gene as probe. The plasmid DNA was prepared from a Dam-strain of E. coli, and the probe was 5' end labeled at the BclI terminus. The probe was hybridized with 10 ,ug of total RNA purified from AP3 cells harvested during vegetative growth (lanes 3 through 5) or at 10 h after transfer to sporulation medium (lanes 6 (17, 26) . p277 is a subclone of the HindIII fragment of p27 spanning the ClaI site of the SPS4 gene (Fig. 1A) . The sizes of the EcoRI fragments are denoted in kbp on the right of the autoradiogram. (C) Northern analysis of the RNA extracted from two MATa sps4/MATa sps4 strains (lanes 1, 4, and 7; and 2, 5, and 8 respectively) and from the wild-type MATa SPS41MATot SPS4 strain (lanes 3, 6, and 9) growing vegetatively (lanes 7 through 9) and at 10 or 20 h after transfer to sporulation medium (lanes 1 through 3 and 4 through 6, respectively). The Northern blot was probed with p277 DNA that had been radioactively labeled by nick translation (26) . The position of the transcript encoded by the SPS4 gene is indicated by the arrow on the right. conditions were used for the hybrid selection (65% formamide, 0.4 M NaCl, 50°C).
A two-dimensional polyacrylamide gel electrophoretic analysis of the protein synthesized in vitro from the RNA hybrid selected with p27 DNA confirmed that the SP54 gene encodes the major 39-kDa protein observed on in vitro translation of total RNA from sporulating cells; both proteins have the same mobility in nonequilibrium pH gradient gel electrophoresis (denoted by the arrows, Fig. 4B and 4E) . In both instances the protein appears as a doublet, probably due to in vitro modifications (20) . (The proteins in Fig. 4E denoted by the open arrowheads are the SPS4-related proteins referred to above [Fig. 4D, lanes 8 and 10] (Fig. 5B, lanes 2 and 3) . Analysis of DNA extracted from the MATa URA3 and MATa URA3 transformants indicated that the SPS4 locus had undergone the expected deletion-substitution event.
Introduction of an EcoRI site adjacent to the truncated SPS4 gene resulted in EcoRI fragments of 4.4 and 4.2 kbp being generated from the mutant locus (Fig. 5B, lanes 4 through 7) . The disappearance of the 7.6-kbp fragment confirmed that there is only a single copy of the SPS4 gene. A MATa sps4 URA3 strain and a MATa sps4 URA3 strain were then mated, and the resulting homozygous sps4 diploid was tested for the presence of SPS4 RNA and for its ability to sporulate. Northern analysis of RNA extracted from MATa sps4IMATa sps4 strains at 10 or 20 h after transfer to sporulation medium, times at which the SPS4 transcript was present in wild-type sporulating cells (Fig. 5C, lanes 3 and 6) , indicated that no detectable SPS4 RNA accumulated in the mutant cells (Fig. 5C, lanes 1, 2, 4 , and 5). However, as assessed by light microscopic examination, the homozygous mutant cells formed asci as efficiently as the wild-type strain (60%), and the viability of both wild-type and mutant spores was found to be similar (80%). Thus, rather surprisingly, the SPS4 gene, although it encodes a major sporulation-specific mRNA, is not essential for the formation of viable spores.
We have previously performed a mutational analysis of two other SPS genes, the SPSJ and SPS2 genes (23) . Mutation of the SPSJ gene resulted in a readily detectable asporogenous phenotype; a MATa spsJIMATa spsl strain failed to form asci when transferred to sporulation medium. The SPS2 gene (23) , however, and the sporulation-specific SGA gene of S. cerevisiae (35) have been found to be dispensable for the formation of viable spores. More detailed analyses are required to determine whether the products of such genes as SPS2, SPS4, and SGA contribute in a subtle manner to the sporulation process; whether the absence of these gene products can be compensated for by altemate gene products; or whether these genes, although activated in a sporulation-specific manner, have no role in the developmental process.
